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Frequent use is made of the short term “solar constant” to 
denote the derived values of the intensity, expressed in appropri- 
ate thermal units, of solar radiation as if measured just outside the 
atmosphere of. the earth when a t  its mean distance from the sun. 

Determinations of the’ solar constant show small but important 
fluctuations from day to day. This investigation is a search for 
evidence as to what art, if any, of these and of other shorbperiod 
fluctuations, should \e ascribed to solar changes, and what part, 
if not all, must be assigned to the inevitable errors of derivation. 

Unusual methods of analysis are required, because the total 
variation due to all causes is so small that it is entirely plausible 
that all of it may be nothing but errors of measurement. At  the 
same time it is possible some solar variation may exist. 

SECTION I. The mathematical equations for computin the solar 
constant are given with extensions drawn from statisticaftheorems 
for impersonall measuring, comparing, and correlating variations 
in observational data. 

SEC. 11. Securing highly accurate values of the solar constant 
in absolute magnitude is a difficult problem by itself and is wholly 
foreign to this study. 

Evidence for and against day-to-day and other variations in 
solar intensity can be secured from pyrheliometer readings alone. 

How this is done is shown by a sample analysis of the latest 
and best observations thus f a r  published in full, namely, for 
Calama, Chile, July, 1918, to July, 1919. The pyrheliometer is the 
basic instrument for all solar constant mwurements. Its errors 
are smallest, most certainly known and mas$ constant, and when 
properly standardized it is the most comparable of all the instru- 
ments employed. 

It is not dBcult  to show that nothing but the sun and errore 
of derivation can cause variations of the solar constant at a single 
station. If half the total variation found at Calama is assumed to 
be due to the sun, analysis shows the probable departure of any 
daily value from the mean for the year due to the sun to be f 0.0083 
calorie. To ascribe this small  possible variation to the sun is to 
assume that the total variation at the Calama station due to all 
causes is the irreducible minimum of total variation to be found 
when valuea are available from many equally good stations. 

SEC. 111. A aphical tabulation is @en to aid in the interpre- 
tation of corrt%ttlons between pyrhehometer and other observe 
tions. 

SEC. IV. Consecutive values of solar constant valueu from 1902 
to 1924 are charted and probable variations evaluated and illus- 
trated. 

SEC. V. Any annual periodicity in solar constant valuea is 
prima facie evidence of terrestrial influence. Small but im ortant 
summer and winter effects of this kind based on fully 3,& daily 
valuea are shown in a striking manner, includin the ph@cally 
inconsistent valuea for the station at Her ua fiala, which are 
found to be correlated with the values at dontezuma in an arti- 
ficial wa . 

SEC. 41. An example is given of how solar variations can be 
segregated from variations due to errors, when mmultaneous 
observations are available from one or more pairs of ind 
stations by the solution of three. simultaneous equations?%!+z 
solar variation and the two other unknown variations caused by 
station errors. Incidentally, it is shown how to ascertain whether 
the three unknowns are intexdependent and thus how to interpret 
in a rational way the results secured. 

. 

INTRODUCTION 

For a period of more than 20 years the Astrophysical 
Observato of the Smithsonian Institution has been 
securing o lg servations of the thermal intensity of the 

. .  .60167--26t-l 

sun’s radiation as if measured just outside the atmosphere 
of the earth when at mean solar distance. The deriva- 
tion of such results from observations made at the bottom 
of our atmosphere, even when stations are located on 
mountain to s or high lateaus, is beset with serious and 
uncontrollah Y e errors cf ue to the clearing up or hazing 
up of the local atmosphere resulting from the everch - 
ing states of dust, water content, and turbidity of =!% t e 
air column through which the incoming radiation must 
pass before reachin the measuring instruments. 

accuracy Rave steadily increased. Values of the solar 
constant are now being secured by the Astrophysical 
Observatory from one or both of two stations insop osite 

28’ S., longitude 68’ 56’ W., altitude nearly 10,000 feet; 
the other at  Har ua Hala, Ariz., latitude 33’ 45‘ N. 
longitude 115’ 15’b.; altitude 5,680 feet. It is reported 
that lans are in hand to establish a third station at  some 
suita le place in the Eastern Hemis here. 

The best observations by the so-ca ed long or Langle 
bolographic method show a probable variation due to 
causes of less than 1 er cent of the total intensity. 

instrument known as the yranometer show a probable 

In the making of some kinds of measurements we 
h o w  with certainty beforehand that the quantity we 
measure remains indefinitely constant within the h i t s  
of precision of our measures. We then properly attribute 
all observed variations to errors of determination. In  
many other kinds of measurements, well illustrated by 
determinations of the solar constant, we are in doubt. 
Some of the observed small changes may be due to some- 
thing besides errors of determination, as in this case to the 
sun itself. If such changes were large as compared with 
the unknown errors, little or no uncertaint would arise. 

small as to be incapable of direct measurement and 
individual identification, then very unusual statistical 
methods must be invoked to get at the facts, that is, 
to disentangle the small hidden solar variations from the 
total due to all causes. 
As soon as ood values of the solar constant were 

solar intensity began to be made. o one, however, so 
far as I am aware, has made the unusual kind of analysis 
required to rove that such day-to-day fluctuation was 

SifEcult and more or less inconclusive one. 
Ten years ago, when the claims for solar variation began 

to be confidently asserted, the statistically measured total 
variation of high-grade Observations was about 1.2 per 

The fre uency 0. B such observations and their order of 

hemispheres, one at Montezuma, Chile, about latitu B e 2 2 O  

aii 

Values obtained by a s Yl ort method using an empirical 

variation of less than o n e  % alf of 1 per cent. 

ii 

On the other hand, if the possible solar c t anges are so 

obtained, the c P aim for important da to-day changes in 

artly of soar P 
If- 

origii. The problem is necessarily a 
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cent. If a skeptic of that da had conceded that half of 
tAi.8 staiisWy measured todmight  be sscribed to the 
sun he would to-day be facing the unpleasant reductio ad 
absurdum that the part former1 conceded is now greater 
than the whole, so y t l y  h&s tL whole been reduced in 
the latest high ra e observations. 

all such representations as the fore- 

%ow important systematic changes of solar intensity 
from de to day, week to week, etc. He is further con- 

relations between the values of the solar constant and the 
weather at  various places on the surface of the earth, of 
such a nature that despite all their errors, the changing 
values of the solar constant become a trustworthy basis 
for short and long ran e forecasts of the weather.’ 

The interest of the beather Bureau in these investiga- 
tions has constantly been very eat, and it has examined 

have {een published a t  intervals by the Astrophysical 
Observatory of the Smithsonian Insbtution. Its studies 
are necessarily based only upon the final values aa pub- 
lished, which are but a fragment of the mass of original 
observations, and in these published data the Bureau 
fails to find a sufficient baas for the view that short- 
period solar fluctuations do exist. Even conceding the 

ossibilit that a part of the present small total variation 
iue  to dcauses  may be ascnbed to the sun, it must still 
be shown that this part exists, and, small as it certainly 
is, that it is hysically sufficient to cause direct daily 

have a value in weather forecasting. 
These considerations show how necessary it is that the 

anal is be made without further delay. 
TCre are, no doubt, astronomers and meteorologists 

who may, without themselves undertaking a critical 
anal is of tho observational data, tacitly accept at their 
full g c e  value the published claim for important solar 
variability from day to-day and who ma wonder as to 

solar activity. 
It would be quite unwarranted to say that the thermal 

radiation of the sun is unchangeable from day to da , or 
from season to season. In  the face of all that has teen 
revealed aa to the sun’s physical features and activity in 
the way of spots, flocculi, faculae, coronal streamers, 
rominenres, etc., there are abundant ph sical grounds 

occurring all the time. According1 , if accurate obser- 

claims of day-to-day and other variations could not be 
questioned or refuted. Fortunately, however, a very 
large body of highl accurate values of the solar constant 

Observatory. 
For the information of many who doubtless would like 

to know quantitatively the significance of such day-to- 
day fluctuations as mayexist, it is the purpose of this study 
to examine the mute testimony of the published data, as 
nearly as the nature of these data permits. 

Observations t of v a r y  exachtu: have been se- 
cured since the early efforts uring the ears 1902 to 1907 
to develop apparatus and methods, at  ashington, D. C. 
Here the sk conditions were usually highly unfavorable, 
and natur J y the variations of derived values of the solar 

Notwithstanf 
oing, Doctor Ab 7 ot is convinced that his observations 

vinced t i at studies by Mr. Clayton show important cor- 

with s ecial care the values of Yl t e solar constant as these 

effects upon t % e weather of such a magnitude that they 

the forecasting possibilities of such a c i aracteristic of 

for suspecting that changes of intensity o 7 radiation are 

vations of the solar constant ha d never been made, 

are accessible in t i e publications of the Astrophysical 

on the A&ophy&al Obwtvatory 1SSl Appendlr 1. Abbot, C. Q., Solar 
v 2 C a n d  forecprtinp. smiths. Mh. coi v ~ .  11. no. 8.i8p6 

*Abbot C. Q and collengum Annals octhe Antrophydcd ‘Obmrvutory of the 
Smithankn Insdtution, Vol. 111’ 1918 Vol. IV 1- and Provisbnal Values of the 
War Constant, Awwat, lOz0, to kovoinbm, ld, Smithsonlan Mbe4ll8~un~ Collec- 
tions, vd. n. no. a 

constant were rather great. Serious observational work 
began,; however, in 1905, when a station equipped with 

hehometer and bolograph was established at Mount 

The observations are not, of course, all of equal BxcB1- 
lence. Doctor Abbot has characterized them as follows: 

Really, to speak in a figure, the Washington data of 1902 to 1907 
were Prehistoric. Aa for Mount Wilson results of 1906 to 1908, 
inclusive, before the invention of the silver disk pyrheliometer, or 
Fowle’s method for estimating total atmospheric humidity, and 
while we et used a flint glees prism limiting our spectrum at the 
H and d l i n e s  in the v io le t th is  work is Ancient. Excluding 
altogether July and August, 1912, the year of the eruption of the 
hatmai volcano, all Mount Wilson work of 1909 to 1920 can be 
classed as Medieval. We had then but one station, operating only 
in summer. We obtained only one determination er day, subject 
to error from changes of sky transparency and $30 to errom of 
computing in the enormous multiplicity of computation8 usad in 
the reductions of results by Lan ey’s fundamental method. The 
period from January, 1919, to t f e present is of another order of 
accurac , and represents the Modern period. 

All o f  the Mount Wilson work, excluding altogether July and 
August, 1912, is useful in the form of averages. It is only since 
January, 1919, when we have had several determinations each day 
by a method [pyranometer,-C.F.M.] which avoids errors from the 
variability of the sky, and much of the time have received results 
from two stations, that individual values have begun to deserve 
some confidence. 

Notwithstanding this severe disparagement of the bolo- 
graphic and older.worlc, we have lo marveled at the 
general high order of accuracy secured 5 y Doctor Abbot, 
not excepting even those observations w.hich were influ- 
enced by KatmJ dust during 1912 and 1913. Here, 
fortunately, we have positive evidence, which only a vie 
lent volcanic eruption could produce, of the extent to 
which atmospheric influence on incoming radiation can 
cause spurious variations of the solar constant. 

yranometer 
fall in a class by themselves and have a pro 5) able varia- 
tion of less than half that of values secured by the bolo- 
graph. Nevertheless, the pyranometer is entirely an 
empirical instrument and its absolute accuracy can not 
be as great in the long run as that of the bolograph, from 
which all the empirical coefficients of the pyranometer 
must be derived. 
Mr. Clayton makes extensive use of the Mount Wilson 

bologra hic observations for the years 1913, 1915 and 

establish his correlations o supposed changes of solar con- 
stant with weather changes. Accordingly, we also shall 
use these data, but only in the form of monthly and 
annual averages, the accurac of which is much greater 

are therefore most likely to be affected by error larger 
than the mean error. 

Our analysis must speak for itself as to its sufEciency 
and soundness, but we are lad to emphasize that the 
general high excellence of t % e observational data not 
onl justifies but invites critical statistical examination, 
an J rewards the effort by gratifying consistency and 
definiteness in the results obtained. 

There is no pretense in this paper to an exhaustive 
analysis of all the pros and cons of variations in the 
sun’s thermal radiahons. We confine our analysis to a 
si le roblem: 

?n t fe  derived day-to-day values of the solar constant 
are found eater or lesser megular changes. What part 
of these, f m y ,  is due to ch ea in solar intensity, and 

w i i n ,  calif. 

The systematic observations with the 

P 1918, o F ten in s m d  grou s of extreme values oniy, to 

than that of sin le or even o 9 several daily values, espe- 
cially when the f atter, chosen because they are extreme, 

what art to wholly unavoidab 7 e atmospheric influenceq 
and ot !h er errors of measurement? 

8 Abbot, C. O., Eobr V a h t h  .nd F O l W U t b .  Bmlthr. Cd.. d. l7, 6, 
PD. = 



Fully alert to the great meteorological importance of 
consequential changes in the solar constant over both 
short and long penods of time, we reg& it as of para- 
mount importance to seek out a quantitative answer to thp 
pueetwn r p o s e d .  It is futile to hope lo eetablbh any 
scientijc asts for uiea.ther forecadi on S U . P ~ O S ~ ~  changes 
o so7ar conxdant be ore uye kmw % t t the constant does 

me discussion in dkapter v of Volume IV of ~ m a l s  
of t-he Astrophysical Observatory on methods for evaluat- 
ing errors, is unsatisfactory and migeading because, 
pomting out the numerous ways in which errors can oc- 
cur, it assi 118 to some of them ver ap roximate values, 
and even t 1 ese are based on specia P B  an individual cases. 
The only acceptable measure of errors affecting observa- 
tions for, say, a whole year, under all kinds of atmos- 
pheric conditions, is some such measure of fluctuation as 
the standard deviation. This definite statistical index of 
scatter of the derived values measures all the variations. 
Adequate statistical proof must support any claim that 
part of them are of solar origin. 

This preliminary analysis necessarily inust deal with 
the short-period solar chan es, leaving the long-period, 

The subject will be discussed under the following cap- 
tions : 

I. Theoretical considerations. 
11. Analysis of pyrheliometer readings at Calama, Chile, using 

111. Analysis of Calama data by correlations. 
IV. General examination of the variability of all values of the 

V. The 12-month period in solar constant values for northern 

VI. Solar variations computed from observations at independ- 

VII. Conclusion. 

c G nge3om day to J a and if it does, how much. 

slow, progressive changes to % e dealt with in lrtter studies. 

standard deviations. 

solar constant by bolograph and pyranometer. 

and southern hemispheres. 

ent stations. 

E,. The Smithsonian Institution's symbol represent- 
ing the e d a t  constant, including all its errors of terrestrial 

which satisfies a certain e uation given later. In qjlantity amiliar 
O Y ' A  convenient and helpful analytical 

olation of logarithms of pyrheliometer observations at 
&€erent air masses to zero air mass by the straight line 
of best fit. The significance of the quantity is purely 
analytical, not physical. 

A,, A,,. Values for the solar constant obtained as ex- 
plained in Table 2. Their significance is purely analyti- 
cal, not physical. 

NoTE.-Each of the foregoing quantities representing thermal 
intensities is subject t o  a variation depending upon the earth's 
distance from the sun at the time. All such variations are assumed 
to be completely excluded from data before analysis, by reduction 
to the earth's mean solar distance. 

The following symbols relate to fluctuations and their 
statistical measurements : 

u, Standard deviation, occasionally called scatter and 
based on departures from the mean. 

t ,  2, y ,  i, as subscripts, signify the causes of the fluctu- 
ations, as total causea, errors at stations X orY, and due 
to sun, respectivel . 
V, the variate $fference, the difference between con- 

secutive values. 
AI ,  represents the variate difference between real solar 

intensities. 
I n  E, a, P, AT, the superior bar indicates that these 

are mean values. 
o, a departure from a mean value, a residual. 
md the mean deviation or the average sum of depart- 

ures from the mean without regard to sign. 

language, it is a hybrid so ? ar constant found by the extre 

I. THEORETICAL CONSTDERATIONS 

SYMBOLS AND NOMENCLATURE 

h. Coefficient of transmission of the air for mono- 
chromatic thermal radiation of the sun of wave length A. 

a. Apparent coefficient of transmission for poly- 
chromatic radiat-ion as measured by pyrheliometers and 
black body absorbers of total radiation. 

11, I , ,  Is. Int,ensities outside the atmosphere of various 
spectral beams of monochromatic radiation. 

I,. The true errorless intensity of total solar radiation 
outside the atmosphere = Il + la + In + - - - - , the true 
solar constant. 

m. Relative air mass at  the same station as dependent 
upon the sun's zenith distance. 
z. Angular distance of sun from zenith at time of an 

observation. 
p. w. Atmospheric moisture measured aa precipitable 

water. 
A,, A, _ _  _ _  A,. Intensities of total radiation at a 

station as measured by the pyrheliometer or like instru- 
ment at  different air masses I, I - - - - m 
ill 6, 4 intensities of the radiations Zl, I,, In, etc., after 
transmsion through air mass m. 

on the bolo 

sufficient to show the rehtive thermal intensities in the 
solar spectrum, and by summation, after the application 
of a complicated series of corrections, are regarded as 
directly pro rtional to simultaneously observed valuea 
of the pyrh E) 'ometer A,. 

The height in millimeters or other linear 

?i spectrum curve as observed. SUC % ordinate3 are deeme 
aphic trace or ene 

According to the well-known Bower-Langley expo- 
nential law of atmospheric transmission of radiation, a 
single beam of monochromatic radiation of original 
intensity Il will have an intensity, ill at the bottom of an 
air mass m, given by the equation 

6 = Ilalm (1) 

in which a, is the coefficient of transmission for radiation 
of the particular wave length of the beam in question. 

Now, solar radiation is polychromatic; whence, there 
are many beams of varying wave len ths and varying 
intensities I I,, I ~ ,  _ _  _ _  etc., each wi% it9 appropriate 
coefficient of transmission a, a, 6, etc. After transmis- 
sion through air mass m these have the several intensi- 
ti-- 

Il alm, I, qm, Io anm _ _  --, etc. 

When properly standardized, the pyrheliometer mew- 
urea the total thermal radiation transmitted to ita lace 

If this total for a given air mass m is A,, then 
of exposure a t  the bottom of the ocean of atmmp E ere. 

A,,,= Il aim+ I, %m+ Io hm+ _ _  - _  (2) 

and if the original intensity of the total radiation is I, 
then- 

I0=Z1+I,+ I*+ - -  - -  (3) 

Equation (1) is widely accepted as rigorously exact and 
accordingly constitutes a satisfactory analytical basis for 
the present effort to evaluate from the actual observatione 
day-to-day and other frequent short-interval variations of 
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Of the three independent variables, m is the only one 
that is under even partial human control. If we can 
observe the pyrheliometer at a particular station with t,lie 
sun exact1 in the zenith, then we may assign to m the 
value 1. %f the sun is a t  an angle z from the zenith, 
then m= sec z (approximately). We still remain ignorant 
of any mathematical function by which to equate air 
masses at one station with those at far distant stations. 

The variables I,, I _ _  _ _  a,, a, _ _  _ _  , etc. in equation (2) 
are independent. T i e  sun alone controls the values of 
I!, I,, Is, _ _  --, etc. On the other hand the coefficient of 
aw transparencies a,, a2, as represent constantl;) changing 
conditions of the earth's atmos here, not directly 

control except such as may be ex ressed by a choice as to 

It is lain that there is no rigorous and a t  the same time 

can be equated directly to Am and the other variables. 
However, it has long been known that e uation (1) for 
monochromatic radiation can be used &o with poly- 
chromatic radiation, either by disregarding a small 
outstanding variable, due to polychromatic radiation , 
or, as we prefer to do, writing p into the equations for 
ultimate evaluation. $his course is especially appro- 

riate in analyzing observations from stations at various 
ligh altitudes overlain by the driest most transparent 
air masses possible to attain. In  such cases arm m u p ,  
etc.; are- most nearly unity and Am approaches I,;%& is, 
p ,  seemingly best expressed as a ratio, is then nearly 
constant and nearly equal to 1. 

These considerations give, after dropping the subscript 
m, 

ascribable to the sun and wholly % eyond any human 

where and when we make pyrh e f  iometric readings. 

workab P e transformation between (3) and (3) by which Zo 

(4) A =  A, am 

(5) 

In  (4) a is now the apparent transmission coefficient 
for the whole polychromatic beam of radiation measured 

by the pyrheliometer. In  (5) p = - is the new variable 

ratio permitting A, to be equated to I,, which here 
represents not an observation, but the true solar con- 
stant as an independent variable. A, in (4) and (5) 
has no real physical significance and is simply the value 
of A in (4) when m= 0. 

uantity p can not be evaluated from pyrhelio- 

concerned only with variations in A, and p and it will 

IO 

A0 

The 
metric 7 3  o servations at a single station, but we are now 

value p ,  and a variable 
purposes can be classed as 

of observations, as will 
ap ear later. 

k i t i n g  equation (4) in logarithmic form we get 
log A = log A, + m log u (6) 

and by the familiar straight line extrapolation of low 
and high sun observations of A to zero air mass we get 
values of A, and a.  

PyrheZiometry.;-Up to this point all equations are 
as rigorously exact as the Bouguer-Langley law of atmos- 
pheric transmission permits. Each term is regarded as 
an errorless value or fact. Now, however, we must pass 
to fallible human observations of the p heliometer 

in evaluating A, and a in (6) by low and high sun ob- 
servations, we make an assumption which both reason 
and experience tells us can rarely-or never be satisfied, 
namely, that both I, and a. remuan constant during thc 
several hours required to make the necessary low and high 
sun observations of A. If the transparency of the air 
and the solar intensity change irregularly from day to 
day, how futile it is to assume, as we are prone to do, 
that these variables obligin ly remain constant durin 

intensity at different air masses. Every failure of the 
assumption to be satisfied is necessarily and faithfully 
estrapolated to zero air mass as an error, and there 
it appears to be a fluctuation of the solar constant whether 
the result is A, or E,, because of course the bolograph 
is powerless to e d u d e  errors due to a fallacious assum 
tion about the constancy of the atmosphere or of & 
sun. 

Few observations made anywhere in the world are quite 
free from evidences of this insidious cause of error, of 
which at least a part must be ascribed to the sun if we 
insist upon appreciable day-to-day changes of solar 
in tensity. 

High grade p rheliometer readings clearly show that 

ent air masses require a curved line to proper1 represent 

and other inexact measurements of A,, m, an r a. Indeed, 

9 several hours each day whi K e we make observations o 

measurements o s total polychromatic radiation at differ- 

their trend and that for equation (6) we shoul B wnte 

y=y,+b m + c m ,  (7) 
in which the logarithms are represented by the simple 
letters J, YO, b and c. A pert of this cuivatiire can be 
ascribe to the complete extinction of some radiation at 
times of low-sun observations. While the effect of such 
losses is small, the question deserves more careful exami- 
nation than it seems to have received thus far. 

Analytical relations can be shown justifying the use of 
a power series to represent polychromatic radiation and 
equation (7) introduces the h t  term of such a series. 
A very few trials show that such a quadratic equation 
fits group mean values in a hi hly satisfacto7 way. 

extrapo ation of daily values, because the la e varia- 
tions in such observations caused by the fa ure of a 
or I, or both to remain constant ives entirely spurious 

mass zero has no physical meaniq. Quantitatlvely, it 
is like A, in equation (4). It is simply the value of y 
in equation (7) when m=O. 

Notwithstnnding these limitations, equation (7) prom- 
ises to be highly useful in the analysis of large group 
values of data for the study of long-interval changes 
in I,. 

The e uation, however, is all % u t  worthless or the 

valuea to b and c. Moreover, ;t h e intercept yp at air 

F P 
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Bolomehy.-The series of terms ii, &,is, etc., in equation 

(5) re resents the intensities of the numerous beams of 
monoc%romatic radiation as the reach the bolograph 

the bolographic trace. It is impossible to measure 

rise to a new series of quantities which are mere P i n g  inear 
these intensities except in a purely relative way, 

measures of bolographic ordinates hi, h2, ha, etc. 
The process by which these ordinates can be trans- 

formed into thermal intensities, extra olated to zero air 

rections for errors, losses, etc. It is full described in 
the various Annals of the AstrophysicaT Observatory. 
Since the invention of the pyranometer or “short 
method” of observ’ Doctor Abbot has practically 
discarded the bologr?%c or “long method” for securing 

transmission curves ”,) because errors of infividual de- 
termination are so serious that reliance can be placed 
on1 u on grou means of values thus found. 

$hie the boLgraphic method is the only fundamental 
one for getting values of the solar constant a t  a single 
station, its errors nevertheless probably exceed 1 per cent 
or more if we fairly include the long train of secular and 
systematic errors of a semiconstant character. The only 
way to learn something definite about such errors is to 
maintain two or more completely independent sets of iii- 
struments in operation side by side for a whole year or 
more. This would permit simultaneous measurementrs 
at the du h a t e  stations, of the sn:me thermal emrgy 

ences in daily values could then be due to nothing but 
instrumental or within-the-observatory errors. 

Pyrammehy.-The pyranometer is an instrument 
which measures the brightness of the sky in a limited 
annular area around the sun. The process by which it 
is possible to get values of the solar constant from its 
use is entire1 empirical and arbitrary. The method is 

Observatory, and its use requires both pyrheliometer and 
bolographic records as a basis. Sometimes several 
values of the solar constant can be secured in the same 

, giving a mean value of seemingly small error. 

able Variations in day-to-day values are necessarily 
present, due solely to errors. Wherefore, in order to 
preserve the analytical integrity of our final equations, 
and especially to recognize the hi hly important part 

play in causi entirely fictitious variations in the solar 

due to all causes in the equation representing a h a 1  
single value. 

and there represent the energy o 9 the solar spectrum on 

mass and finall converted into the t R ermal magnitude 
E, is highls te B ious, complex, and entails numerous cor- 

daily values of E, ( f ut not for determinin “function 

transmitte i through the same arir mass, and all differ- 

described in + olume IV of the Annals of the Astrophysical 

Whic dax ever method of observing is followed, unavoid- 

which daily, weekly, and seasona k atmospheric states 

constant, we 5 s all introduce the total errors, X, Y 2, 

(A, -X) po Pyrheliometer 

E- - 2 Pyranometer 

These are now the h a l  rigorous relations between I,, 
as the true solar intensity treated as a wholly independent 
variable, and the faulty measurements we may make of 
it by either or all of the instruments named. The 
equations are racticall self-evident and axiomatic, but 

have been set out in the receding equations (1)  to (7). 
Gaussian distribut&m.-ben we contemplate and talk 

about day-to-day solar variations our language is vague 

E,-Y Bolograph (8) 

the detailed r s ations o 9 the terms to direct observations 

4 M O ~ Y  WEATEEB REVIEW, February, l!3!dB, p. 74, and A H ,  1923, p. 188. 

and indefinite until we indicate the nature of the_fi.eq.uency 
distri6u.tion of such variations. Direct observational 
evidence on this point is wanting; the total variation of 
the best derived values always conforms quite closely to 
the Gaussian distribution. The better, the more 
numerous, and the more homogeneous are the data, the 
closer is the conformity. Now, since the distribution of 
accidental errors is always approximately Gaussian, we 
have no choke from present evidence but to assume that 
solar variations also are Gaussian; otherwise, either there 
are no solar variations a t  all, or they are such a small 
part of the total variation, as to make no im ression on 

Solar variations v. errors.-It is uite ossible that 

occur every time a sun spot passes nearly centrally 
across the sun’s disc, and some large temporary and 
infrequent changes may be caused in this way. How- 
ever, these are a class of d e c k  by themselves and must 
be so studied. On the other hand, years of observation 
show that over long eriods day-to-day fluctuations, the 

occur constantly, and that variations due to all possible 
causes have become smaller and smaller as the errors of 
measurement have been reduced. The fluctuations due 
to errors must always have a finite value. Hence the 
improvement in observational methods has now confined 
within very narrow limits the range of possible solar 
changes, which was formerly considerable. 

I t  is. of course, wholly im ossible to get daily values 

parable observations and compute from these the 
standard deviation or other indes of scatter due to all 
causes. Provided solar changes and errors are maw- 
related (i. e., ul not large or small according as ux is large 
or small), we can, from the well-known rules of least 
squares, write the equation expressing the relation of this 
total variation to variations caused by errors and by the 
sun as follows: 

the normal distribution which represents tot &p errors. 

changes of solar intensity as measure % E  at t e earth may 

relation of which to tK e sun is at least extremely doubtful, 

of X, Y, or Z, but we can a P ways make numerous com- 

ut = JU? + uxa, (9) 

in which the standard deviations u are designated b 
subscripts which signify: t, the total variation due to J 
causes; i, the variation due to solar variability; and z, 
that due to errors of all kinds. 

As long as day-to-day solar changes are no greater than 
the best modern observations show to be possible, our 
only source of real information about solar changes is to 
be Iound through some bona fide solution of equation (9). 
If solar changes are zero then the total changes are simply 
the total errors. And since the errors can never be zero, 
solar chan es are only a part of the total changes. 

The pro % lenz of two or more stdons.-Shultaneous 
observations at two or more stations are so scanty that 
apparently no one has attempted any considerable and- 
ysis of such data. It seems well, however, to write out 
the statistical equations which can be emplo ed. The 

(9), thus 
data at each station furnish an equation of t l e type of 

ut = T, = for station X (10) 
ut = TI = &,a+ uTa for station Y (11) 

“he subscripts z and y connote the variations due to 
errors pertaining to the stations X and P, respectively. 
Each equation separately contains two unknowns and .is 
therefore indeterminate. The two equations contam 
three unknowns and are sti l l  indeterrmnate. However, 
let us find the difference between simultaneous values 
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at the two stations and evaluate the total variation 
T& of such differences. Then we get, 

. Thus we secure three simultaneous e uations with three 

the result wdl have little or no physical meaning unless 
the unknowns are entirely independent. There must be 
no secular or systematic huctuations in the simultaneous 
values due to other causes than the sun. Annual period- 
icities in solar constant values, and their correlation with 
air transparency and other terrestrial conditions, will 
generall serve to vitiate the physical significance of the 

The mathematician recognizes, of course, that securing 
a seemingly rat,ional and finite value of ui in the solution 
of the three equations for a group of simultaneous observ- 
vations is no roof of solar variability. Having assuwbed 

apportions to solar variation such part of the total vari- 
ation as best satisfies t.he observations at the two stations 
under the assumed conditions. Some sets of observations 
may give imaginary roots, and it is obvious that errors 
of observation can be neither zero nor imaginary. 

Solar variation can he shown by these equations only 
when the results are based on several groups of data 
from wholly independent stations. As ointed out above, 
equations of the type of (9) are valid on$ if uI is unrelated 
to uxor u in m 

Pos8jdkies Oft e m k t e  djference.-If a, 6, c, d - - - - 
m, n are homogeneous consecutive values of any variant, 
then b-u, c-6, d-c - -- H, and a d  constitute the 
complete sequence of variate differences. "his statistical 
datum seems to be capable of servin many useful pur- 
poses. Ap m n t l  its use has never f een invoked in the 

Em hasis is placed upon taking the complete sequence 

differences usually taken, t , e  difference between the first 
value and the last. This is literally a com lete integra- 

anal tical advantages. 
dere  are important similarities and important differ- 

ences between the departures from the mean in a body 
of data and their statistical cousins the variate differ- 
ences. The algebraic sums of the departures from the 
mean and vanate differences in-a-ring are zero. The 
average departures from the mean mthout regard to 
sign, commonl called the mean deviation md, is wholly 

The aver e sum of the variate difference disregarding 

TE natural order of succession may give a value of the 
mem variation, V, quite different from a fortuitous 
order. If the order of succession is fortuitous and the 
distribution Gaussian, the following important relation 
holds : 

unknowns, permitting abso2ufe eva i! uation. However, 

results K r a m  from the three simultaneous equations. 

solar variabi P ity, a solution of the equations simply 

yitude 

critwal an 3 9  ysis o solar radiation data. 

of di Bp erences m-a-ring b adding to the consecutive 

tion around a cycle of changes and affo 3 s important 

independmt o 9 the order of succession of the variant. 

si s is w T 011s dependent upon the order of succession. 
- 

- 

Just as we measure scatter or variability by the mean 
square of the de artures, so the scatter of day-to-day 

quantity = F, and at a single station we will have 
values of the soar  P constantLcan beimeasured by the 

z Va 

--2--=- Z p  Z x a  AZOa 
n n n  

I M m i a  0. F.. M0tmnr.Y WEATEEB REVIEW, Sept. 1!324,0: 441. Woolard, E. Q. 
#Omn&Y hmw R m ,  Mgch l0aa.S: 107. 

This equation is easil derived from any of the observa- 
tional e uations in (87 by forming the variate difference 
Band AY0. In simplified nomenclature, using the superior 
bar to represent mean values we have 

7 2  - 2uxa = a 0 3  

Simultaneous observations at a second station, together 
with an e uation based upon the difference between the 

(13) 

- 

values at 7 l  t e two stations gives 

Vx3 =Z-Zoa+ 2u,a Station X (14) 

Vya - i S 0 3 +  2 5 2  Station Y (15) 

Txy2 =uxa + uY (16) 

- 

- 

in which the mean variations and errors for the respective 
stations are designated by the subscripts x and y. 

Thus we have, by using departures from means in the 
one case and variate differences in the other, two different 

at  a single 

(1) Errors of observation X-never zero. 
(2) Atmospheric depletion a-always changing. 
(3) Solar changes-if they exist. 
If a and Zo remain constant while air mass cha ea, the 

roportional to t E e air mass, m, and the total variation 
scatter due to de letion of incoming radiation is 3 irectly 

Sue to all causes is 

ut = 4ux3 + ut + m3ula (17) 

in which u1 =the variation at air mass 1 due solely to 
day-today changes in a. It must be understood that in 
thm equahon all changes due to failure of a or Zo to remain 
constant durin observations are classed as errors and 
appear in ux. b n c e  u1 is wholl independent of m, and 
since nothing is known as to i ow ux m y  vary, as it 
must, with m, equation (17) can be use to evaluate 
only ula and (uxa+uia.) and will be applied in this way 
later. 

T h e  analytical and other principles resented in the 
for oin a pear to be a sound and su k cient guide for 
the 3 et $ 8  e analysis of the various groups of data. This 
will now be taken up. 

II.-ANALYSIS OF PYRHELIOBIETER EEADINQS AT CALAMA, 
CHILE, USING STANDARD DEVIATIONS e 

The pyrheliometer is the fundamental and indispens- 
able instrument for all measurements of solar intensities. 
Its errom are smallest, most certainly known, and most 
nearlv constant of all the instruments employed. When 
standardized by comparison with an absolute or invariable 
normal, the pyrheliometer would be entirely sufficient 
by itself to secure values of the solar constant if the 

6 It la a leasure to acknowledge the asaistanee rendered by the s e v d  member8 of the 
Weather kmau staff who have 80 &ectlveIy eoopfded durlng the preparation of the 
uldpa pmeate4l in thk paper. 
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radiation to be measured were monochromatic. The 
long train of mirrors, prisms, bolometers, galvano- 
meters, pyranometers, and the elaborate procedure 
and empwical corrections entailed by their use are 
necessary solely to overcome the errors which polychro- 
matic radiation introduces when the pyrheliometer 
done is employed. 

This limitation upon the pyrheliometer applies only 
to securing the abso2ute value of the solar constant. 
Day-to-day changes in those values, if they exist at  
all must appear in readings of the pyrheliometer. The 
boiometer is aim ly an empwical analyzer whose function 

air masses in the form of 
is solely to put & e observed total intensities at different 

The maas diafsram Figure 1 contains a mine of informa- 
tion for the earnest student. Each dot individually is the 
logarithm, reduced to mean solar distance, of the observed 
intensity at the particular air mass re resented by ita 
abscissa. It is as nearly an errorless o E servational fact 
as the art of p heliometry, combined with conscienfous 

falling on or near any vertical line re resent observations 
at  the same air mass at intervals o P one or more whole 
days.' The variations in intensity such dots show are 
caused in part by small instrumental errors but chiefly 
by chan es from one day to the next either in solar in- 
tensity fo, or in air trans arency a, or to both causes. 
A t  the extreme right, un B er conditions of low sun (air 
mass 5) ,  the intensities are small, the air mass changes 
ra idly from minute to minute, and the errors me 

between 1 and 1.5. Here intensities are high, air maas 

observing un Cr er cloudless skies, permits. The dots 

re ? atively larger than for high sun, that is for ah masses 

291 

In a like manner the p anometer &o is an empiricd 
device. It is used as a%&hl arbitrary substitute for 

Obviously, it also can not be allowed to add to or take 
from the true amount of atmospheric depletion. There- 
fore, all uctuutwlts of solar constant shown by either or 
both of t < em empirical devices which can not be definitely 
shown to be already registered in the total heat or parent 
data secured by the pyrheliometer must at  once be 
suspected as artiiicial and introduced by the empirical 
devlces. 

Recognizing the fundamental and basic nature of the 
original pyrheliometric observations, their analysis is 
therefore, our first objective. 

The  ear a8 a unit of recop&.-A full ear is the natural 

of solar constant values which, experience shows, are 
permeated through and through with local and ter- 
restrial atmosphmc effects. 

the rigorous law of extrapo 9 ation to zero air mass. 

and o X l r  y safe climatic interval to emp 9 oy in the analysis 

changes very little in several minutes, and the omlty of 
accuracy is generally higher. However, observations 
at  any given air mass frequently show irr 
of intensity from minute to minute, due eit er to vana- 
tions of a or of I,, or of both. h m  air mass 5 to air 
mass 1 the observations, individually ?early errorleas, 
collectively are permeated with vanations caused by 
the failure of a and Io to remain constant with the 
lapse of time between observations. 
To analyze these more than 1,400 qbsacpations, the lo 

of intensities were assembled to g v e  mdwidual d& 
values of intensity a t  integral air maases 1.5, 2 3,4, and 
5 for each of the 239 days, making a total of shout 1,200 
values. These were secufed by a graphical interpolation 
between observations l p g  most nearly con 
the standard air mass required. The large ma e of the 

Ylar 

T O "  to 
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ui=w 

___- 

diagrams ermitted lo to be read to four significant fm=. 6 ne- fideity Q to the original observations 
was the main objective in this classification of the data, 
which was neceesary to permit of the mass statistical 
studies we now present. 

Solar conslant and the s d e r  of parent data.4ince all 
observations on different days at the same air mass are 
nearl errorless we may choose any air mass as a standard 
of re 9 erence. Assuming that sky conditions permit, there 
are several advantages in favor of high sun, i. e., small 
air mass, conditions. The intensities are highest and air 
mass most nearly constant; accordingly m o r s  are least. 
The effects of atmospheric extinction and depletion are 
least and the effects of changes of solar intensity great- 
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FIO. t.-DI&mm ahowhg in comparison and contrast the frequency dktribntlon of 
289 d d y  Wlues of the wlar intensity: 1) "he nearly errorless parent prrhdiometer 
ralum sa obsemed at air mesq 1.5; (2) 68 hybrid solar constant derived by straight- 
line extra lation of the pyrhaliometez ohervatiom to zero slr m s s ;  (8) L e  wlar con- 
stsat & %ved by the bolognphio method 

est. For these reasons we have chosen for analysis the 
data for air mass 1.5, and @re 2 shows the fre uency 
distribution of the original nearl errorless observ3 facts 

lated to zero a r  mass by equation (6) and by the opera- 
tions of the bolographic computations. 

Alms, A,, and E, are nearly in the order 3,2,1, 
There IS actually nearl 80 per cent more 
hybrid solar constant 1% than in the Langley bolographic 
value E, derived from the same parent data, represented 
by &. Since the bolographic process neceasanly intro- 
duces a whole family of errors and variations all 1ts own, 
which are not in the parent observations at  all, and since 

and what happens when daily o 55 servations are extrapo- 

The standard deviations, ut, for the three 

the bolograph can not exclude those variations which are 
in the parent data, due to failure of the sun and the 
transparency of the air to remain constant during obser- 
vations at  Merent air masses, we are compelled to explain 
the 80 per cent greater scatter of log A, (f0.01059 log 
unit) as compared with that of log Eo (f0.00594 same 
unit) as caused by variations due to polychromatic effects. 
If our reasoning is sound and the above proportion charge- 
able to polychromatic effects a t  a station like Calama, 
Chile, is physically too large, as seems to be the case, 
then some question arises as to the validity of the bolo- 
graphic operations. However, no conolusion can be 
reached until we have had op ortunity to extend the 

E p t w n  (17) applied to scatter at dafkrent air m s e s . -  
Equation (17) serves to separate the scatter due to change 
in transparency from one day to another from the re- 
maining scatter, which can be due only to errors and to 
the sun. Putting T,=the tots1 scatter at  air mass m 
due to all causes, equation (17) may be written 

same analysis to other bodies o P independent data. 

in which uXi is the combined variation due to errors and 
to the sun; that is, to all other causes than the da -by-day 
changes in trans arency represented b mul. %e have 

gives the results of a least square computation of and 
Qrl - 
TABLE 1.-Total variation, ut of $30 day-to-day yrhdiomebr 

ualuea for  Calama at different air masses, with ca?culationa of 
UI and 0.i. 

six equations a n i  two unknowns and t K e following table 

1 1-1- l<&l value Mean_! A ,  

log units 

I-+-- 

5 -- + I 4  

+a 0 0 5 ~  *. 01058 *. 00744 
f. 00388 

M. 01304 

1 Mean values ~ 1 y )  designated by a superior bar. 

Expkcnation of Table 1 .-Column 1 contains the mean 
value of the log A, derived from the several classifica- 
tions for computing ut .  Only 4 place logs were used but 
the 5th place is retained in means. 

Column 2 contains for air masses 1.5 to 5 the measure 
of total scatter due to all causes as obtained directly 
from nearly errorless observations over a climatic interval 
of one year. These values are the parent data from which 
all information must be derived. 

The several values at  air mass 0 are results derived by 
various methods devised to com ensate for the losses of 

or lesser variations of its own, which are not present at all 
in the parent data. These values will be discussed later. 

Column 3 represents what we ought to get from error- 
less data on the assumption that the total observed 
variations at  air mass 1 axe caused to an equal degree by 
the day-to-day changes in solar intensity and air trans- 
parency. 

solar intensity caused b atmosp K eric depletion. At  the 
same time, each metho B unavoidably introduces greater 
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Symbol c; -- 
Za *. 00591 

A. f. 01058 

d. ztMn44 

The very small effect of solar changes at  air masses 
4 and 5 shows how little significance such observations 
have in revealin solar fluctuations. 

from a least square a plication of equation (18) to the 
data in column 2. banges  in air conditions between 
observations are of course purely relative matters. Hence 
it is permissible to assume that observations at air mass 
5 are standard; that is, that all chan es between obser- 
vations at different air masses occur a&r the observation 
at air mass 5. Consequently, observations at air mass 5 

oup are nearly errorless. If now no changes wliat- 
ever ad occurred on any day between observations and 
the solar intensity had also remained constant throughout 
the year, then the value u1 = f 0.03377 + 5 = f 0.00675 is 
the amount of change we should have found at  air mass 1. 
It is significant that the least s uare value u1 = f0.00640 
is almost identically the same. %he latter value we regard 
as the most esact measure we can get, from the parent 
data, of the scatter due to the true changes in atmospheric 
transparency from day to day. 

The other value derived from the computation, by 
least s uares uxi = f .01301, is the total variation which 
we oug % t to get a t  air mass 0 due to all the errors and 
variations in the parent data except those caused b y  varia- 
tion due to atmospheric depzetion. Those included are: 
(z) instrumental errors combined with variations due to 
solar and atinospheric changes between observations, 
and (i) solar changes from day to day. 

Although this value f .01304, which represents the 
total variation at  air mass zero, is larger than any other, 
it is perfectly valid, being large simply because equation 
(18) (not by previous desi n but simplyin effect) estrapo- 
lates to zero air mass all t % e variations due to the failure 
of the air and the sun to remain constant between obser- 
vations. When an observer makes this extra olation by 

at different air masses as his judgment hctates. Equa- 
tion (18) gives us a Zarge scatter nt a-ir mass zero and a. t m e  
measure of day-to-day variations i n  air traiuparenqi. 
The observer’s judgment, on the contrary, by giving dif- 
ferent weight to the observation a t  different air masses, 
results in individual values for zero nir mass which are 
inaccurate (although showing smaller scatter) because 
associated with an erroneous value of the coefficient of 
atmospheric transmission. The combination of these 
circumstances produces considerable negative correla- 
tion, for, almost without exception the variations in the 
solar constant value show an inverse relation to those of 
the coefficient of atmospheric transmission. 

As a basis for discussina the most important feature in 
the table, namely, the wise scatter of the four values for 
air mass 0 (column a), these rn assembled in Table 2, 
together with uXi from column 5. 

TABLE 2.-Standard deviation ut due to all causes at air maas aero 
by different methods 

Columns 4 an 5 5 give the values of u1 and uxl derived 

eye he distributes the variations among the o E servations 

~~ ~ ~~ ~~ 

Remark6 

Bolographically determined includes all variations z and f In parent 
data and adds a famlly of’errors of its own. 

Pyrheliometric valups include all vanatlone z and I in v e n t  dfta 
and add errora due to extrapolation of polychromat c radiation 
by 8 etrmlgbt Ilne. 

Secured by taking half the dllkence betwesn the intercept8 at air 
maas zero of-two least sa- stmight linea fltted to whta 
d,+u, and Am-am. - 

Secured like A. but the axtrspolatlon to zero slr maan ellected by 
quadratic equation (7). See Fig. 1. 

Total variation due to mora mnd nun as evaluated by eqnatlw (18). 

- 

The wide difference and seeming contradiction between 
the values f.00388 and f.01304 are really consistent 
and &lg inter reted. The vdue ut= f.00388 is a 
valid stahstical f; atum of day-to-day variability, more 
free than any of the four others from the harmful varia- 
tions due to unavoidable errors of various kinds. It is 
derived directly from the entire body of parent data with- 
out introducing appreciable errors of its own. It is the 
value we ought to secure if each day’s observations could 
be axtrapolated to zero air mass with no more error than 
applies to the mean values for the year, which are nearly 
free from the large errors affecting the extrapolated daily 
values. 

The quadratic equations for the data X m + u m ,  X m  and 
&,-urn designated by subscripts 1,2,3, are, respectively, 

AI = 0.26217 - .0462m + .00122m2 
A, == 0.25728 - .0538m + .00158ma 
A, = 0.25442 - .0629m + .00218m2 

Quantitative resdt of analysis.-Using the minimum 
value of scatter found, f.003SSI as least affected by 
terrestrial causes of fluctuations, and reducing the 
standard deviation u to probable variation, we 
following mean value of the solar intensity for t e year 
and the day-to-day fluctuation in calories and percentage, 
vi2 : 

rt the 

- 
Eo= 1.9436 f (.0117=0.60%) 

For the purposes of the above conversion of units it is 
quite immaterial what. value of the solar constant we 
use. We take the niean value for the year, Eo, as prob- 
ably nearest the true mean and find a ercentage vanation 

of the recent observations of the Smithsonian Institution 
by the pyranometer. 

The reader should remember that the value f.0117 
calories is n measure of the probable departure from the 
mean annual solar constant of any daily measurement 
when freed to the hi hest degree from all kinds of errors. 

at air masses from nearly 1 to over 5 on 239 days at 
Calama, Chile, from July 27, 1918, to Jul 24, 1919. 
This minimum value is only two-thirds as T arge as the 
average variation shown by the bolographic reduction 
of the same parent data and is equal to the scatter of 
recent high ade observations by the pyranometer. 
Considering t T e Fea t  difficulty in securing extreme 
accuracy in an daily value of the atmos heric depletion 
of incoming raJation, this small total pro i able departure 
may well be nothing but unavoidable error. Neverthe- 
less, small as it is, we are still justified in assuming that a 
part of it is caused by da to-day changes in solar 

the total variation be equally apportioned to errors and 
to the sun. The share of possible solar variation then 
becomes f .0117 + JF= & .0083 calories. 

There is no definite statistical evidence as yet that 
any of the total observed variations have a solar origin, 
and the foregoin possible amount of variation by cb8- 

assurance w%atever that the total f.0117 is the ir- 
reducible minimum. When it is possible to secure by 
standardized pyrheliometers alone their nearly errorless 
observations at  n widel separated and independent 

a, in the ratio of 1 to 6 Otherwise we approach the 
absurdity that the errors of the Calama observations 

of only 50.60, which is just about t % e order of accuracy 

It is derived direct k y from pyrheliometer observations 

intensity. To be fair to bot z- sides of the question, let 

sumption ap roac % es the irrational, because we have no 

stations, we must inevjtaby ?i cut down the above value 
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are but a small fraction of the total variations found to 
be f -0117. It is quite in harmony with past experience 
to ex ect that the mean of only three stations makin 

reduce this total to f.0117s &= f.000S calories, a 
whole variation which is now less than the part of the 
Calama variations assumed above to be of solar origin. 

Here again final conclusions must be reserved until 
data from independent stations are available and until 
other studies now in progress are completed. 

Annual periodicity in Cdama solar constant values.- 
There seems to be no sufficient reason why there should 
be a twelve-month period in solar intensit-ies. 
is this true when such a period is correlated to a hig 
de ree with seasonal and annual states of the atmosphere 
in % uced by changes in vapor pressure, reci itable water, 
transparency, etc. The presence o?sucg eriods in 
values of the solar constant is prima facie evisence that 
there are present in those values im ortant day-to-day 

taken in connection with annual mean values of solar 
intensity, but the most serious objections are justified 
when it is insisted that the day-to-da variations in de- 

representations of day-to-day and other short-time 
changes in solar intensity. The latter pro osition is very 
far from having been proved. Doctor Atbot feels that 
his critics are too exacting and should not require im- 
peccable observations. As one who has only praise, not 
criticism, to express for the splendid quality of Doctor 
Abbot’s work as B whole, I want to make it clear that on 
my part at least, faulty observations are acce ted as in- 

observations be made clear, so that students may know 
with just what they are dealing. The great need is for a 
flawless interpretation of all the bits of evidence, whether 
for or against solar fluctuations. 

The only way in which we can ever hope to get at tho 
root of the matter is to bring into the for round every 

such conditions, no real solar variation could possibly 
escape detection and partial evaluation. Any other 
course implies a lack of confidence in the enormous ower 
of modern statistical methods to reveal the secrets R eeply 
hidden in large massea of homogeneous data. 
Again, the point can not be too strongly emphasized 

that a whole ear is the shortest climatic interval which 

ment of solar constant data. The atmospheric states of 
trans arency, dustiness, water vapor content, convection, 
etc., gave a regular cycle of their own completed only in 
the round of a full year, and these states exert such a 
direct and profound influence upon the values of the solar 
constant that it is futile to hope that a few months’ obser- 
vations are free from highly important systematic and 
semiconstant errors, or that empirical corrections, reduc- 
tions, reduction factors, function values, etc., can be 
satisfactorily evaluated in less than a year if a t  all. 

E”lgure 3 t d s  in such a gra hic wlrg its own story of the 

explanation is required. The number of observations per 
month averaged 20 and were distributed as follows: 

pyrheyiometer readings as good as those a t  Calama wi % 

Especialli 

errors of entirely terrestrial ori ‘n. E o criticism or ob- 
jection need be made to these re f atively small errors when 

rived daily solar constant values should { e accepted as fair 

emtable. What I desire is that every fault of t R e original 

known cause of fluctuations in the derived v 3 ues. Under 

can legitimate s y be employed in the analysis and adjust- 

annual periodicities in the C l 3 Z  ama o servations that little 

Feb. Mar. Am. M a y  I June July 
----__--- 

20 16 aS 26 1 I7 1 12 I 25 18 24 22 l8 

The distribution leaves very little room for criticism as 
to the realness of the annual features shown by the 
monthly means. 

Theoretically the extrapolation of daily obsemations 
to zero air mass is supposed and expected to faithfully 
ezdude the effects of purely terrestrial and atmospheric 
states. The dia am shows a t  once to the eye, mthout 
correlation coe 8 cients or other quantitative measure- 
ments that the theory and expectation are satisfied only 
in part. Actually, each terrestrial feature of annual 
penodicity, whether in transparency, water content of 
the air, or intensity for a iven air mass, is more OT less 
faithfully extrapolated, an c f  is not excluded from solar 
constant values. Nevertheless, it is gratifying to point 
out that the monthly values of Eo for 1918 to 1920 a t  
Cslnmn are more nearly free from annual eriodicity 
than any ‘other grou of annual values publis \ ed either 
before or since. Tge details of,lthis matter ‘will ibe 
presented in Section.3V. 

-1 r-‘ -- 

F1~.3.--Monthly mean solar intmdtlm ~ l l  observed at dlfIerent air rna8sea by the 
pyrheliometer at Calms on 280 days also values extrapolated to zero &mass. inclnd- 
m g  values 01 alr tcansmncy a and’atmospheric preclpitable water 
verted), dl showlng correlation and Ismonth periodicity 

-~ * 
P. W. (plot in- 

If we were seeking statistical evidence of the change 
of solar intensity from one month to the next, instead of 
from one day to the next, we could oint to the sys- 
tematic increase in the value of I$ culminating in 
December, with subsequent decline to a minimum in 
March. The December feature fair1 satisfies the con- 
ditions of equation (18), but the reations ? of the com- 
panion feature of the March minimum to the parent 
data are entirely opposed to those prescribed in that 
equation. 

The hypothesis of solar variation in this particular 
instance is further invalidated by the high negative 
correlation of E, with the transparency and water content 
of the air. No one can say what the sequence of daily 
values of Eo would show if freed more completely from 
these sources of error. 
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Ai 

-am 
+.W 
+.55 
f.53 
+.72 
+.73 
+.70 __-___- 

III. ANALYSIS OF OALAMA DATA BY CORRELATION8 

The statistical device of the correlation coefficient 
must not be neglected in our search for the facts about 
day-today solar Variations. 

A gra hical tabulation of the significance of such statis- 
tical idices derived from the analysis of observations 

progressively from assumed simple and more or Pa"'? ess i ea1 conditions to actual conditions affected by 
errors,. seems to be the most forceful way of presenting 
what is desired in this section. To aid those who may 
not be versed in the subject of correlations, this tabula- 
tion may be prefaced by a brief statement of a few funda- 
mental rinci les. 

which are known to be in linear functional relation, will 
show perfect correlation, f 1.00, provided no other cause 
than a can produce chan es in the values of A. If a 
second cause, I, wholly in f ependent of a and A, can also 
cause observed values of A to change, and if I is just as 
potent as a in producing changes in A, the correlation 
coefficient between a and A will be J(%)'+ (%)2=.71. 
If I dominates, then the correlation between a and A 
will be less than 0.71, according to the relative potency 
of I and a. If a dominates, the correlation will be higher 
than 0.71. A correlation of 0.91 for errorless values of 
a and A would imply that a is nine times as potent as Z 
in causing changes of A. 

Errors of measurement are of course causes of variation 
and produce definite effects on correlation coefficients. 
The otency of entirely fortuitous errors, if large, com- 
parefwith that of a physical cause like a, may change 
a f 1.00 correlation between errorless values of a and A 
to a small coacient  of, say f .lo, more or less. If the 
number of values in correlation is sufficient1 largo, the 
sign of a true correlation will not be changei by errors, 
but if the number is small, or if the errors are partly 
systematic, their presence may not only reduce the size 
of the real Correlation but may even change the sign. 
Such effects of errors will be the same, regardless of 
whether one or several causes in combination produce 
the correlations. 

Erroress f %  o servations of two quantities a and A, 

what follows, Table 3, on page 297, 

3.-This case deals with 
observations made at 

1 and the 

derived solar 
constant values it must not be forgotten that eveiy 
cause of variation is known and that, a c e  ting purely 
fortuitous errors, the causes are united in %l own func- 
tional relations, mostly linear--all of which makes 
the resulb presented in Table 4 of the highest signifi- 
cance. 

The essential features of Table 4 appear in the first 
four lines which should be compared with corresponding 
data in Cases I, 11, and 111. 
TABLE 4 . - C o f l e & ~ w ~  between logs of observed p rheliometer 

values adjusted to standard air masses 1.5 to 5 ,  and uahes of solar 
wnstants E0,Ao and fair  transparency a, also precipitable water P .  W .  

Ar 
-- 

-0.55 
+.51 
-.I8 
+.e6 
+.51 +.a 
+.40 
+.m 

p.  10. 
a 
Eo 
do 

A¶ 
A, 
A4 

-41.1 

TheThigh negative correlation of E, and A, with a 
and p. w. is evldence of the gravo fault in all the solar 
constant values, which almost without exception show 
a considerable negative correlation with atmos heric 
transmission coefficients. Zero correlation shou P d be 
found, because real day-to-day solar variations can not 
be related in any direct way to atmos heric transpar- 
ency or water va or. The correlation 8 and a, -0.50, 
as compared wit! -0.25 for A, and a, does not neces- 
sarily signify that A, values are better than E,, bocause, 
as pointed out in connection with Figure 2, the scatter 
of A, is 80 per cent reater than that of E,. We may 

polychromatic effects, which are absent from E,, reduce 
the correlation of A, and a below what it n-odd other- 
wise be. 

The remainha correlations in the first two lines are 
entirely rationaf but would be much higher except for 
fortuitous variations due to errors. 

Lines 3 and 4 of the table tell a very definite story. 
Errorless values of E, and A, should show a high corre- 
lation unless the fortuitous differences between them 
due to polychromatic radiation, as distinguished from 
all other causes of error, are themselves inherently la e 
This is a niatter deserving fuller investigation. 
tahle shows a coefficient of + 0.69, which interpreted by 
Dines' law means that on1 48 per cent of day-to-day 
variation in these two v 2 ues of the solar constant, 
which are derived from the same parent data, occur in 
synchronism. 

Still greater interest attaches to the correlations with 
intensities at the different air masses, which will now be 
discussed. 

Sun constant from da to day.-All variations in E, and 

intensities a t  different air masses. The slightly larger 
coefficients in line 4 over those in line 3 may be caused 
b a functional relation between variations due to 01 
Zromatic radiation and change in transparency o 1 t z- e 
air from day to day. 

Sun variuble; no errors.--?'he coefficient E and AIm6 
+.48 may be interpreted to mean that day-to-da 
changes in air transparencv cause three times as muc 
variation at air mass 1.5 as that caused by the sun; that is, 
the sun causes about one-fourth the whole. On this 
basis, the correlation a and Alms, line 2, should be 0.88 
= dl - (4S)z instead of 0.49, and all the remaining coeffi- 
cients in lines 2,3  and 4 should be radically different from 
what they are. There is no esca e from the conclusion 
that the assumption of day-to- B ay solar variation as 
great as one-fourth the total observed a t  air mass 1.5 
IS entirely invalidated by the mutual correlations of 
Table 4. 

Of the evidence in linea 2, 3, and 4 the most rational 
interpretation is, that since all the observations are per- 
meated with errors the greater part of these errors are 
faithfully extrapolated to zero air mass and there appear as 
variations in the values of the solar constants E, and A,. 

The correlations in column As are all noticeably low. 
We are inclined to regard this as wholly due to the accu- 
mulation of considerable relative errors in the data in 
this part of our original values, The e m r s  are not in- 
herent in the observations separately, but, owing to 
atmospheric changes, observations at different air 
massea are erroneous relative to each other. In  the 
practical work of extrapolating, the observer habitually 

therefore infer that B ortuitous variations in A, due to 

A,, exce t those in A, d ue to polychromatic radiation will 
now be P ortuitous errom and therefore uncorrelated with 

K 
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givea more weight to the data from smaller air masses, 
thus making the relative errors large a t  air mass 5 and 
roducing lower Coefficients of correlation than should 
e the case. 
The correlations between intensities observed within 

the atmosphere are quite rational, but seeming1 low. 

when compared with the value for another air mass on the 
same day the relative errors due to atmospheric changes 
(which often take place in only a few minutes) become 
serious and cut down correlation coefficients to relatively 
low values. 

Wedher Bureau helwmeter observations at wash- 
ington, D. C -Dr. gg. Kimball has kindly assembled for 
me the logs of intensities and values of a for observations 
on a total of 105 of the clearest days possible for Washing- 
ton between the dates December 17, 1914, and June 36, 

E 
This is to be ex ected when we remember that a va T ue for 
each individu a? air mass is nearly errorless in itself, but 

preted in terms of day-to-day changes in solar intensit 
and also to show how weak the statistical evidence stdi 
is for any appreciable changes of solar intensity. 

In closing these sections I wish ea ecially to make it 
clear that I disclaim an intimation t E at the quantity A, 

the pyrheliometer measurements, including valws of A,, con- 
tain within themselves dl the observational ewidence we have 
of day-&day OT other short-period uaricctions in S O ~ T  in- 
tensity. The bolograph and pyranometer, either sepa- 
rately or in combination, are powerless to take from or 
add to the total intensity registered by the pyrheliometer, 
except in  the form of an errorless extra olatzon o the ob- 

measurements is known to be such that errorless extr& 
polation to zero air mass is im ossible, therefore arbi- 

is anythin more than t 7l e name I have given it connotes, 
namely, a a y b d  solar constant. I do insist, however, that 

sewed va1u.e to zero air muss. The fafibility o f human 

trary empirical instruments li R e the bolograph and 

no. 4.-DIagram of nearly 2,000 observed values of solar constant as determined by the SmithsonIan Instttution from the beginning of observations In 1w)2 to the end of 1919 at 
stations Washington, D. C., Mount Wilson. Calif., and Calama, Chlle 

1925. These readings range by half air mass intervals 
from 1.5 to 5 and were read from a smooth curve run 
thro h numerous observations by means of a spline, 

zero air mass. The value of a wtts deduce from the 
slope of a straight line generally passin through the 

analpis of these observations is not yet completed, but 
it is noteworthy that the correlation of A, with a came out 
exactly zero, as we like to have it. 

Amon the 105 days there were 59 on which values of 

Wilson or one other of its stations. The correlation 
between these few values was +0.13. While the number 
of variants and the size of the coefficient is very small, 

1 the latter signifying an efficacy of only go# it has the right 
sign for a very small solar variation. Here a ain final 

data. 
The foregoin Sections I1 and I11 are submitted both as 

an example of % ow a body of homogeneous observations 
of the pyrheliometer alone may be analyzed and inter- 

dp a me % od which served also to give the extra olation to 

observations nearest air masses 1.5 and 4. h e exhaustive 

8, were i ound by the Smithsonian Institution at  Mount 

conclusions must await confirmation from other 5 odies of 

p anometer only add their own inherent error to those 

the extrapolated data that can not be absolutely shown 
to reside in the parent data and to be not due to error in 
those data, must be ascribed to errors of the subsidiary 
instruments and methods. Swh variations can not pos- 
sibly be ascribed to the sun unless and until they can be 
identijed in the parent data. 

o r the parent data. Therefore, again, any variations in 

IV. QENEELAL EXAMINATION OF THE VARLiBILITY OF ALL 
VALUES OF TEE SOLAR CONSTANT BY BOLOGRAPH AND 
PYRANOMETER 

A general conception of the whole question of varicc 
bility of solar constant values is most readil7 gained by 
a careful inspection of Fi es 4 and 5, which show in 

from 1902 to November, 1924. The reader is asked to 
follow closely in Figure 4 the groups of data numbered 
consecutively 1, 2, 3-8, noticing es e c i d  the great 
increase in range of values in 1912, w % K  en t e explosive 
volcanic eru tion of Mount Katmai caused a notable 

consecutive order practic 3.Y y all observations published 

increase in t E e scatter of values due to dust in the high 
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strata. Smaller scatter attended the subsidence of this 
dust during the next two years, followed by a fairly 
steady state of the record during the five years until 
1915, when the new station at Calama, Chile, began 
observations under improved atmos heric conditions. 
We notice here in the first half of B roup S an ap re- 
ciable drop in the scatter. F i n d  , in 1919 (latter hag of 

meter led to a notable further drop in scatter. 
Passing to Figure 5 ,  Group S of Figure 1 is repeated, 

with later values on an. enlarged vertical scale (lines 1, 2), 

Group S) a new type of observing E y means of the pyrano- 

result, expressed as a percentage of the average value of 
the solar constant which has nearly the same value, 1.94 
calories per square centimeter per minute, for a11 groups.@ 

On this basis Figure 6 shows the scatter of the several 
groups of data shown in Figures 4 and 5. 

Pnor to the opening of the station a t  Calama, the 
very best observations showed a scatter of about 1 per 
cent. With the exception of the observations made in 
the summer of 190s at Mount Wilson, the diagram tells 
us that up to 1911 the best observations show n scatter 
of about 1.3 per cent. Then came 1912 when Mount 

FI@. 5.-Conseeutlve values of the solar constant RS observed at stations in South dmerien lrom July. 1018, to November, ~924 

followed by the sequence of all published values to Novem- 
ber, 1924, on the same scale. 

he unaided mind is 

such observations show. 
The index of scatter’best suited to present purposes 

seems to be the probable e m  or variation of a single daily 

Katrmai threw weat quantities of dust into the hgh  strata 
of the atmosp?iere, increased general atmospheric tur- 
hidity and caused the scatter to increase to full double 
the best previous value, or over 2 per cent. T%is large 

9 To remove any possible uncertainty concerning this measure of scatter we give the 
formula for its derivation. 

Zoa is the sum of the squares of the departures from Eo, the average value of the solar 
constant for a group. The standard deviation, u- can often be used with 
convenience and ~(xuracy. 
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index of variability gave place slowly in the four follow- 
ing years to low values, just over 1 per cent, for the years 
1915 and 1916. The mdex of scatter then increased 
again to fully 1.3 per cent in the year 1918. Shall we 
say this increase was caused by greater solar activity 
or rather due simply to poor observing conditions at Mt. 
Wilson and wholly unavoidable errors of measurements? 
The latter conclusion is the correct one, becuuse the station 
at Caluina had been put i n  operation und its observations for 
this same mmmer of.1918 show u decidedly mialler index 
of scatter andvaria6dtty than ever before obtained. Finally, 
even this small scatter of less than 1 per cent was cut 
very nearly in half, in the middle of the followin sum- 

making observations. Happily, we have bolo ritphic 

showinv a scatter of just under 1 per cent, whereas the 
valuesgy the new method for the lat-ter hnlf of 1919 
show r. scatter of only 0.52 per cent. Of course this 
change in scatter can not be explained by a sudden 
subsidence in solar variability coincident with the begin- 

mer, by the introduction of the pyranometer met % od of 

or long method observations for the first half o f 1919, 

c 

/757 I /294 I 
FIG. &-Probable percentage variation, due to all causes, of daily values of the solar 

constant, showing the values by groups from the older, more variable to the modern. 
less variable 

ning of observations by the pyranometer, but is best es- 
plained as a reduction in the errors of measurement. 

Summing up the one outstanding result obtained by 
the assiduous pro ram carried out up to 1919, it is this: 
Atmospheric turb&ty is the main cause of a large scatter in. 
sokr constant vulues, which scatter by the best stations cind 
best methods was reduced to only 0.62 per cent by the c7ose 

Passing to the second part of Figure 6, representing the 
robable variation of several groups of data obtained a t  

hontezuma and Har ua Hala during the years 1930 to 
1924, we find in generi  a still further reduction in scatter. 
Thus 452 solar constant values spread over a period of 
nearly 20 months prior tso April 1, 1922, show a scatter 
of only 0.49 of 1 per cent. Again, a group of 100 syn- 
chronous odservations at the two stations within this 
period shows a scatter of 0.45 per cent for Montezuma 
and 0.59 per cent a t  Harqua Hala. Then, akain, a large 
group of 824 highly comparable observations at both sta- 

of 1919. 

tions made after March, 1922, and covering a period of 32 
months, gave a scatter of only 0.41 of 1 per cent. In 
these results we see the scatter going lower and lower as 
observations increase in number and methods are still 
further refined. During this same period we have two 
roups of synchronous observations at the two stations. 

&ne with 106 observations which show a scatter of 
0.40 and 0.50 per cent, respectively. The other group 
comprises 193 observtitions with a scatter of 0.38 and 
0.14 er cent. The smaller scatter in each case applies 
to &nteznma. I t  is hardly riecessary to ask why 
this difference in scatter at the two stations. It is 
obvious that the Variability of the sun chn never be 
grenter at one station than at another, especially for 
stations on nearly the same geogrtiphic meridian. It is 
equal1 obvious, however, tliut errors of measurement 
niny Jffer greatly at the two stations, and that solar 
V&iihili ty cam not he great.er than the lea& variability 
at the best station. That is, solar variltbility can not 
have been greater during the 33 months over which the 
299 synchronous ohservutioiia were spread t h n  the two 
sniall vitlues of scut.t,er, 0.40 nntl 0.3s per cent a t  Monte- 
eunin. 

We can not claim that even now these small measures 
of scatter represent mostly solar variability, because that 
involves the impossible assumption that each of the 299 
observations was nearly 100 er cent perfect. There is 

b this great body of data esccpt to recognize that both 
t e large and the sniall da 7-to-day fluctuations in the 
value of the solar constant lave always been largely, if 
not wholly, due to variations in the unavoidable errors of 
observation resulting chiefly from $he ever-changing 
turbidity of the atmosphere. 

A further evidence of the cstreme smallness of possible 
solar variability may be added. 

Doctor Abbott has clmsed each of the observations as 
made, into grades designated S, S - , U+ , and U, mean: 
ing satisfactory, nearly satk actory, rather unsatis actory, 

rading of observations by arbitrary methods is like1 to 

value and from an analysis of four groups we find as 
follows : 

No. 1 comprises 277 S observations, covering about 34 
months after August 3, 1920, and therefore includes the 
secular changes and drop in 1932, wllich doubtless causes 
the scatter, 0.68 per cent, to be larger than it would 
otherwise be. 

No. 3 comprises 263 comparable S- observations, 
covering the 52 months be inning August 1920 and 

expect the observations raded as less satisfactory to 

reverse. 8f course this is only one group of results. 
No. 3 comprises 395 S observations, covering a period 

of about 18 months, beginning June 1, 1923. The 
Montezuma station was working very uniformly during 
all this eriod and observations of some kind were ob- 
tained $most every day. These 295 values show a 
scatter of only 0.30 per cent. Think of it: Over a total 
period of about 18 months, less than one-third of one 
per cent for all causes of variation! 

Group No. 4 comprises 105 S - observations, all inter- 
spersed among the S observations, and shows a scatter of 
0.38 per cent. 

no rational interpretation of t f ie mute evidence presented 

1 g 

and unsatisfactory. Thoug x we do not believe t f iat the 

f e wholly satisfactory, the results are accepted at s ace 

showing the smaller scatter o P 0.62 per ceqt. We should 

show a lar er scatter, whi 7 e the actual result is just the 
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Mount Wilson, Calif. Bolograph 
(omittlng P a t m a i  Calama 
yem 1912 and 1913): 1 z 1 after June, 1919 1 July, 1919 

JUlY. 1918,'tO 

We see from all the fore oing that the better our ob- 

total variation due to all causes, and hence increasingly 
smaller must be the part which can be truly ascribed to 
solar changes. 

Suppose real day-to-day changes of solar intensity of 
consequential magnitude actually occur. These can be 
statistically measured and represented by the symbol ul 
and such variations are related to errors of observation 
by our basic equation 

servations become, the sma 5 ler and smaller becomes the 

C d m a  
julY lglg'to 

Juiy, 19h 

We must recognize the inexorable consequences which 
flow from e uation (9). Observations for more than 20 
years have geen giving us values of ut which have been 
growin smaller and smaller as better instruments, better 

ployed. Over all this period the day-to-clay solar fluctu- 
ations ui if esist.ent a t  all in consequential magnitude, 
have stood as an obstacle to diininution in the Talue ut. 
That is, u1 is theirreducible minimum which ut a proaches 

value we have reached a low value of ut for the general 
run of recent observations of about f 0.50 per cent more 
or less. This is now the total daily variation which we 
are required to apportion between errors and solar changes 
b means of equations (101, ( l l ) ,  (12). Before doing 

annual periodicity . 

metho 8 s, and better observing stations have been em- 

asymptotically as ux becomes zero. With ux sti P 1 of finite 

t H 's we will first examine the whole body of data for 

V.-THE I%MONTH PERIOD I N  SOL.4R CONSTANT VALUES 
FOR NORTHERN -4ND SOUTHERN HEMISPHERES 

In  this section will be shown the serious estent to 
which eTen the monthly iiiean values of the solar con- 
stant are systematically iiiipressed with annual features 
associated with summer and winter states of the atmos- 
phere. If monthly mean values, oft.en based on observa- 
tions for a period of several years, are subject to syst,eniat,ic 
terrestrial influences, how much more serious must be the 
everchanging atniospheric effects upon single claily cleter- 
minations. 

This analysis enibraces pract.icdlv all observations 
from 1905 to 1934. The 2.46 bolographic observations ILt 
Calama for the year July, 191S, to July, 1919, prove to be 
the best observations ever made for a single year, either 
before or since; that is, as a group they are most free from 
a.nnual periodicity. Unfort,unately, frequent daily holo- 
graphic observations terminntecl with the introduction of 
the pyranonieter, beginnin- July, 1919. However, a total 
of 70 determinations of & were secured by the purelo 
bolographic method during the year July, 1919, to 1920. 
These 70 observations are fairly well distributed through 
all the months, avera ing froni 2 to 9 days per month, and 

t, g erefore I have combined all observat,ions in both years 
into mean monthly values. Wliether by accident or not 
these 316 claily values as a group show decideclly the 
smallest systematic seasonal effects of all the groups of 
data, large or small, yet examined. It is significant that 
the observations were secured by the pure bolographic 
method at a single station. 

a pear to be of a hig f 1 quality though limited in number; 

Vum- 
ber 

days 

68 
90 
88 
43 
28 
68 

65 
45 
71 
67 
5s 

764 

76 

10 The adjective pure is used oceasionslly to allude to bolographic observations carrled 
out rigorously in accord with Langley's b s i c  idea, giving a result designated E?. A 
correction for water vapor was applied to all such results at Mount Wilson, giving a 
supposed superior value designated E'o. These values show D greater annual period 
thnn any others. 

W.M. 

-- 
1.9252 
1.&319 
1.9222 
01.9247 
hl.9277 
1.Y240 

1.9378 

1.938s 
1.933 
1.032 

1.~48 

1.937s 

- -. - - - - 
I 

TABLE 5.--Monthly mean values of the solar eonstant at various 
times and stations from 1906 to November 1924 

0.916 . I1 
.U9 

.27l 

.616 

.658 

I I Pyranometer 

From;g,lX9& No- From 1905 to 1920 
. - .~ _. 

316 pure bolographic values. 
210 01 above values, curve in broken 
69 months of summer observations, 

Parent data identical wlth curve 2. 
Pyranomcter data over 5 years, 1919 
4 years' observations. 

line. 

M a y  to November. 

to 1924. 

April _ _ _ _ _ _ _ _  
May -.--..... 
June _ _ _ _  
July. _ _ _ _ _ _ _ _  
-4ngIlst- _ _  - 
Se ytem ber- - - 
{Jrtober------ 
November.. 
December. _ _  
Janunry- _ _ _ _  
Fehmnry. _ _ _  
March _ _ _ _  _ _ _  

Jfoiilha 
Total _____. .-__ 1 CY 1 _ _ _ _ _ _ _ _  

I ! -_- 

35 
32 
25 
13 
35 
25 
30 
27 
97 
?2 
?2 
93 

.July, 1023, missing. b August, 1923, missing. 

TABLE G.--Cbnslants and results of harmonic analysis of data i n  
Table 5 

[y - E. + c coa (0 - (P) Epoch of origin Apr. 151 

Phase 

stsnt 
(P' 

Remarks 

The phase constant (P is not given in the customary angular units but in a numher 
reprqsentlng the fractional pnrt of the length of the period, thus easlly flxing the phase 
posltion of the masimum. With the ongln at Apnl 15 the masimum for hase con- 
stnnt 0.916 - 12 X 0.910 - 11 months alter Aprll 15, viz, March 15. Sirnil&, 360° X 
0.916 - 329."76 angular units. 

The monthly and general annual means upon which 
Figure 7 is based comprise such a large body of repre- 
sentative data that final values are tabulated for er- 
manent reference in Table 5. We also ve in Tab P e G 

analysis of the data in Table 5. These tables and dia- 
resent in hi hly concentrated form the testi- 

of work of nearly 30 years. Each monthly value we em- 
ploy is, with rare exceptions, the mean of many daily 
values. Moreover, our final results do not depend in 
any material way upon an particular monthly value. 
The strikin harmony ant? consistency in the results 

the entire mass of homogeneous statistical numbers. 
Discussion of F&jwe 7.-The sequence of monthly 

nieans in No. 1 shows large variations above and below 
t.he annual mean, but the amplitude of -the least square 
sine curve, continuous line, is so small in relation to its 
obviously large probable error that the mathematical 

for reference purposes the constants o ? the harmonic 

mony o I; fully 3,000 d aily observations covering a period 

(Harqua Ha 5 a excepted) are the combined testimony of 
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result should be interpreted 8s no annual period at all: 
that is, these monthly mean n lues  of the solar constiint 
on the whole are. as they slioultl be, prnctictillv free 
from systematic terrestrial cffvcts idcntifiecl with the 
march of the sensons. 

FIG. 7.--hIonthly mean values of the solar constant In a srqiimw af 16 ninnths in order 
to show fully the annuul IJcriodirity ns 11 sulnmer and winter terrestri:ll rrlrct. The 
calendar lor the Southern Ileniisphcrr is sliiftrd 6 mcnths. to bring likp seasons in both 
hemispheres into the same vertical lines. All  sealrs same as at 1. 

The observations at. Mount. Wilson from 1905 to 1920 
were made only in the suninier inont.lis. usunlly from 
June to October, but, est,cncled t.o include May in 1001i. 
1908, 1910 and 1913, and Nc~veml>er (luring 190s. 1909. 
1910, 1911. and 1813. The systematic sensorid change 
affecting the iiiontlily metins r d l y  stares t.hc cihscrrant 
st,udrnt in the facc, ant1 suggFsts nt. once nn :1niiud 
periodicity. Doubt on t,liis point in tho writ.er's mini1 
WRS wholly rcnio\xd in 1!-)2:3 wlic!n the obscnations at 
Calnnin, hlontemma, iintl Hnrqu:i. Hnla from Jiily, 191S 
to September. 19%. were piiblis1ier:l." 

Since observations at  Mount, Wilson for t4lie niftnv 
missing months of tlie zst years can nerer be supplird, 
no valid objection can K'e: n ~ a d c  t.o invoking lenst, sc unre 

seven months' observat.ions availnblc. Curves 2 snd 4 
show t,he inonthly mean vnlues and blie nornid annufll 
niarch for t,he two values Eo from pure holopraph~c 
reductions and E', n supposed superior value derircd 
from E, by t,he application of a correct,ion for atmos- 
pheric water vapor. 

We regard even this one nnalysis of the meager data 
available in the case as a gratiiying success; especinlly 
when it is so complet,ely confirmed hy 6lic liigliljr sntis- 
factory fit of the sine curves to Calania, Montczuiiia, 
and Haryua Hala data, based on strong nionthly niraii 
values for every n1ont.h of the year. 

1iatma.i du.st.-The cloubtful values secured at Mount 
Wilson during the years 1912 and 1013 have been ~l-holly 
omitted froni the, resulbs sliown in Figure 7. However, 
we have coin uted tlie sine curves, using all the da.ta 
regardless of katmai  dust, with no yery consequential 

methods to pass' the best sine curve we ccin tliroug / 1 t.he 

. . .. -- .- 

11 M O , ~ L Y  WEATHER REVIEW, February. p. ;I, and April, 19P3, p. 1SS; hnnllal 
Period. 

60157-25t-2 , 

difference of any kind. That is, the phases of the curves 
arc hardly changed at  all, and the am litude of E, was 

0.0123. L)oct,or Abbot also objects l a  to my use of all 
the, Xouj2t Ri7son. dafn because it coveis only one epoch 
of sunspot. minimum, while t,liere are t,wo e ochs of maxi- 

strono suns lot niasiniuni, 1917, ancl we &ill get the same 
perio&' wih phases practically identical, amplitudes 
chnngcil for Eo from 0.0059 t.0 0.0055 and for E', 0.0109 
t o  0.0092. Thus t,he tlnta refute the criticism. 

It. is difficult &her t,o unr1erst:and or to take seriously 
t.lie following words by I)oct,or Abbot, in answer to the 
rvidences for thc 18-nionbh periodicity: " I will not 
sny there wtw shsolutely not,liing of the kind in Mount 
Wilson ohservat.ions, but I rcgnrtl it as nearly or quite 
nonexistent, in 1nt.er work. He [Marvin] hns niistaken a 
real 1 l-iiionth periodicity in recent years for a 12-month 
periodiri ty. Mr. Clnyt,on discovered t,he 1 1-month peri- 
oclir.it,y over a yenr two and reported it to me." 

First, t.he period is nearly or quite nonexistent. 
In blie nest sent,cnce " it is R real 1l-nionth eriodicity." 
Is the period nonesist.ent, or is Marvin or 6layton niis- 
t.aken about, it.s lengt.liP It, will t,atke a lot of statistical 
cvidencc t,o prove '' a real 1 l-niont,li periodicity," 
xhet.lier evnnescent. or permanent,, in so ar constant 
~-aluos. Wlien t.lie lengt~li of the period has been proven 
to be. not 15 months, but 11, it, will take another large 
nmss of sbatistical evidcnce t.o prove that, the periodicity 
is of solar rather t,hnn t.erresbriit1 origin. The cme seems 
t.0 stand in t.his way: Hardly denying that the Mount 
Rilson solar const.ant. values show a 15-month periodicity, 
Diwtcir Abbot, says that recent values show a real 11- 
month pttriodicit\r discovered by Clayton. Marvin in- 
sist.s t.Iint the rcni length of the period is IS months, due 
to suninier and wint.er atniosphcric effects and submits 
t,he t.cst.iiiiony of fully 3,000 daily values in proof and 
quaiit it.at.ive enduation t,hcreof. 

Heturning to t,lie propriety of computing a 12-month 
pcriodicity from data for only 7 consecutive months, I 
mint to say t h b  w e  have no hope of securing an accurate 
ernluat,ion of it,s conshnts. Tile existence of tlie period 
is tlie nitijor j>rcsrnt question. The results we 
speak for t.liemselves, trutLfully renresent,iw all the ata 
available. TLe features fount1 are w-liofi in accord 
wit,li like results for otlicr stations making continuous 
ohserva tions over the entire year. 

I)iciil~ntall?y, it niiwt b~ cmpir.il9bstd that the fitting of 
n sins c v r w  i s  t I i t  o j i i y  corrcct ~nrthod of gattirig th,e ro er 

pnrf ?f tht. yt,rtod are nii.wi.nq. 
One of tlie noteworthy features about the Mount 

Wilson dnta (curves 2 itnd 4) is that tlie aninlitude of the 
supposed inferior values of the solar constant E,, is smaller 
than for h te r  values (curves 3 and 5 i ,  and is but little 
over half the nniplitude for the values of E', which are 
supposed t,o be superior and are derived from the same 
pnrent, c1at.a. The correction for water vapor applied to 
give E', cnn hardly be considered as justified. 

Curve 3 is noteworthy bec.ause i t  is based on pyra- 
nomet.er observations only, designated W. M. in the 
Sniithsonian publications. Observations averaged 18 
daily values per month for an unbroken period of 60 
montrlis, R botd of 1,OSO daily values. The fit of the 
sine curve niust be regarded as highly satisfactory. 

incwasecl from 0.005S bo O.OO(i9: and o f E', from 0.0108 

niuni. Therefore, we st.rike out all data P or the year of 

P 

liita)i w l u i >  of p r i o d i c  data i i4e) i  valiscs for a cons? 3 %  era le 

12 Abbot, C. O., Solar voristiun and forernsting, Brnithsonim Miscellaneous Collec- 

13 Solar variation nud forecasting, loe. cit., p. Y. 
tions, rol. 7. No. 5. pp. 11-12. 
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The foregoing remarks apply also to curve 5 based on 
4 years pyranometer observations a t  Harqua Hala, with 
a total of 764 daily values. 

What is the striking lesson the diagram as a uThole 
teaches? Very clearly it is, that almost without escep- 
tion monthly mean values of the solar constant exhibit 
a very definite annual period, unfailingly associated with 
summer and winter states of the atmos here. The 

and Southern Hemispheres are being compared, there is 
an absolute time interval of six months between the 
values in any vertical line or band of the diagram. The 
sun, therefore, can have no part in causin tvhe dmost 

including the equallv striking escep tion apparent in 
curve 5. All these efiects are due to the one state coni- 
mon to all observations wherever and whenever iiiade, 
namely, summer and winter atmospheric condit.ioiis : 
high solar constants with suniiner conditions, low con- 
stants with winter conditions. The clash and inconsist- 
ency in the trend of the niont,hly nieans as observed at 
Harqua Hala, as compared wit.h the trend at its sister 
station, Mount Wilson, only 9.50 miles to t,lie west, is 
complete and physically irrational. There is no lack of 
annual period in the nionthl means a t  Harqua Hala. 

satisfaction. The summer and winter effect is all there. 
The inconsistency lies in the fact that it is the sumnier 
and winter atmospheric states a t  Montezunia in the 
Southern Hemisphere that influence the suninier and 
winter values of the solar constant a t  Hargua Hala in 
the Northern Hemis here. The exdttnation of t,his 
anomalous result is P ound in the fo h owin 5 quotation 
from the annual report of the Astrophysical bservatory 
for 1924 (p. 105): 

As soon as we began to receive daily telegrams from both sta- 
tions occasional fairly wide disagreements of individual days 
commanded att,ention. We felt it necessary, in stiidying t,he 
causes of such disagreementrr, to revise ngnin entirely the systenis 
of little corrections to solar-constant values which have to be 
made to allow for the haziness and humidity of our atniosphere. 
This revision could be made with more advantage because ~riuch 
additional data had meanwhile accumulated. * * * 

A new method of determining these corrections has bren rlcviserl, 
which eliminates satisfactorily the influence of the solar changes 
which have occurred. Hit1iert.o this matter nf solsr change 
superposed upon the small terrestrial sources of error which we 
desire to eliminate has been very embarrassing. Of course, if 
one could wait many years before proceeding to evaluate the 
terrestrial effects, the solar changes, being independent. or hut 
loosely connected with local terrestrial ones, would be eliminnt,ed 
in the mean of a mass of observations. We can, indeed, after 
several years more of observing, finally proceed in this way. Rut 
wishing to make immediate use of our resu1t.s a new mebliod of 
procedure has fortunately occurred to us which permits ux to avoid 
the interference of solar changes altogether. The details will be 
published soon. 

these corrections is described 

(p..14). The method map seem to have been entirely 
valid in principle at the start, but the sequel of its actual 
a plication proves that it is clearly erroneous in it,s 
e l ects and we are reluctantly forced to take the position 
that the provisional valws of 2h.e solar consta.nf j i r  Hargwa 
HaZa as published in volwne 77, No. 3, Smithsonian 
Misce1laneou.s  collection^, can not be accepted as inde- 

It seems to the writer futile to try to contest the over- 
whelming evidence in support of a 12-month period in 
the published values of the solar constant. Our analysis 

reader must remember that when stations in t 1 e Northern 

perfect synchronism which the eve catc % es at once, 

The smooth sine curve fits t i e  r observations with entire 

The method of makin 
in the pamphlet on Soar f: Variations and Forecasting 

those for Mon.tezwna, and fh,at the two values are 
an entirely art$cial .way. 

uses all the data available. The periodicity is present 
in the old as well ~ts in the latest values. The ampli- 
tudes and phases are entirely comparable and consistent 
and can not be altered to any consequential extent by 
any valid select.ion or rejection of particular data. 
Oiilv extraordinary reasons just.ify selection or rejection 
of data in a c a ~ e  of this kind; the dat.a for the Katmai 
yews were excluded from Table 5 and Figure 7 chiefly 
to show how inconsequent,ial that great disturbing factor 
really \vas. Its influence was small because we are 
dealing with an inherent, fundamental characteristic 
cifectincg all the da.i.ly values a71 the t h e .  

-I77 mcfhods c?f frtruyobifion to zfro air in.ass$ri.l.--Every 
iiiethod yet dcvisetl or eniplo>-ed for coinputing solar 
const+i.nt,s unfailingly estmpolntes t.o zero air nisss 
highly iinpi)rt,ant n n c l  significant atmospheric states and 
sul.fi\ce terrestrinl conditions. The art,ificial ariations 
thus iniposcil upon vnlues of the solar constant should 
not he offered ant1 c.an not he ti ptetl as eridencc for 
red t l ~ y  t.0 dny solar fluctuations. 

It sccnis very phin from t.his iiir-cst,iwtion that the 
purt' hirlogry,hic rei.luct,ion is rnost free i%~ni systenintic 
fnu1t.s :d errors in dit>- LO clap \dues rilthough its 
ra.rintions dut? t o  l~ri-)rs tire larger t h m  for the pyranoni- 
(?t.er. The l:it,ter iiistruiiicnt., :is preriouslp mentioned, 
is simply iu! enipiricd subst,itute for the Langley- 
Bouguer striiight, lint. la\\- of esbrnpolat,ion to zero air 
inass. Our stuilies show that the 12-month period is 
f r d y  cstrnpolntril by t,his inst.runient, and other studies 
not preseiitetl here in clet,a.il show that nearly all groups 
of pjm-tnonicter v.nlues plot in clecidellly skew forms of 
frcv1uenc.y distribution. This skewness is conspicuously 
:I c.b:iractcristic of 071. niii$acP rrndinils nf intensifies, 
especially at the higher air iiiasses. It is clearly evident 
in the parent ilntn (fig. 2 ) ,  even for air mass only 1.5. 
The origin of this skewness is terrestrial, and therefore 
should not be estrupoltitctl to zero nir mass. 

It is easy to see what would have ha pened had the 
t.clegr;tphic €I:i.rqun H:tla chervations Reen rif/lloroiisly 
i n d e p t  d r n t  of t h s e  coniing in from Montezuma. 
Assuining ec uiility in other respects, daily telegraphic 

and nutuiiin seasons, only to show wide systeniatic 
tliscrepancies (luring the suinnier and winter seasons. 
Obviously, the mean of independent ilnily values from 
the two stations, despite wiilc occssionul differences, 
would t.eiid to he nenrly or entirely free from an anniial 
p ~ r i o d .  I do not nie:tn t,o imply that the actual original 
obscrv:rtions woul~l shorn the tihov? results, because it 
is not nt nll likely that the two stahons and equi inents 
n.re alilic? in other re.spoct.s. It is quite certain t R at not 
only the equipment but the atmospheres at the two 
stations csert quite different effects upon daily values. 

In the face of all the evidence we have presented to 
show the real nature of fluctuations in solar constant 
ralul?s it is n serious error of interpretation of original 
ohservtitions to insist. that any of the published values 
of the solar constnnt fziirly represent clay-to-day changes 
in solar int,ensity. 

Tlm only course the writer can aclvocitte is to see if 
it is not possible, as seenis to be the case, to so niodifg 
the present methods of estrxpolstion to zero nir mass 
lis to most.ly remove the esisting serious objections. 
This of course is possible only to those having free 
access t,o original nnd unpublished observational data. 
Serernl promising possibilities seein to be opened up in 
the esumples of aniillysis we hare given. 

valucs ~~-oulc t 1in-i-e seemed to agree nicely in the spring 
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VI. SOLAR VARL4lTONS COMPUTED FROM OBSERVATIONS 
AT I N D E P E N D E N T  STATIONS 

Disregarding a small constant difference between nienn 
solar constants froin grou s of same-day observations at 
Montezuma ancl Harqua kala, also the artificial correla- 
tion previously mentioned, we give in Table 7 the results 
of the application of equations (101, ( l l ) ,  ancl ( la )  to tlie 
evaluation of the station errciix uq Mont.ezuma, uy Harcliia 
Hala and ui possible solar vuriabil1t.y. 

For comparative purposes the 399 observat.ions inacle 
on the same clays at both st.ations are divided int.0 t,liree 
groups representbig more or less homogeneous values. 
A limited number of simultaneous holographic observa- 
tions were inncle a t  Mount, IVilson antl C!alnmn during 
the years IOIS, 1919, and IXO. By combining all the 
values into one group, being careful t.0 preserve the lowest 

ossible minimum sum of squares of variations rind tlif- 
ferences? by excluding eflec t.s clue to la.rge secular changes 
between years and to scale differences l>etwcen st,ations, 
we get the results given in tlie bott,om line of values in 
Table 7 indicating ii possible solar \-ariation of 0.55 per 
cent, w1iic.h is from two to four t,iines the vnriabinn 
shown by the other data. Comparing t,hese rcsult,s with 
the magnitude of the station errors w-e see that ui is a 
function of those errors, a fact which, ns point.ed out. in 
Section I, invalidates the assumpt.ion that equations (10) 
(11), and (12) are three simult,aneous equations between 

TABLE ?.-Calrulalioti of solnr lv7rinlioti.s frottr sytirhrntiottn oLer.ri9u- 
lions at Hnrqua Haln or Aloiiiif Wilson, Jcsigiici1t.d hy  sinb.wipl .r 
and ai Calarna or ilfotde.:uiiin, rlasigtiatrd bg siclwcript y. 

~ . .. . . . 

t.hree independent unknowns. The results in Table 7, 
therefore, must be interpreted to mean that either solar 
variation is nonesistent or is relatively so small that it 
can not he disentangled from the irre ular larger varia- 
t,ions in daily -dues due to errors of o % servation. 

VII. CONCLUSION 

Find tlcfiinitivo e\-itlcnce, especidly in quant,itative 
inczsures, can not he secured froin obserrntions at a 
single atiition with only one sct of ohserving instruments. 
.hfucli could bc Iczwned from check observations by 
diolly intlnpenilcntj equipinelits iiinint.ainer1 side by 
sitlo, antl it. is hope(! siich cli~ck tlet,crniinations cnn be 
s (~curd  at. sonit! stmation t.o he t?st.ahlishecl in the future. 

A c.onsic-lcr:d.ile nuinher ?f synchronous ohsernxtions 
1i:i~:e !)ern swum1 from s tntions in pairs, ns Bi\ssour and 
Mount Wilson, the 1nt.ter :&nil Cn1:ima. inclwling Ca.l.snin 
:m(l h.li-iut.czumn with Harqiia Hida. Unfortunately, bc- 
r.:iiisr 1 I f  volcanic cliist ant1 ot,lier untoward circumstances, 
thcsr s@ironous x-dut~s :ire so much affected by im- 
port,ant nc.c!ic.lcntnl nnll syst.eiii:itic terrestrial nntl artificial 
C:IUSW n.s to mnrc or lrss invdidiit4e tlie eviclenccl which 
t,hesc oh:wwticma might show of :x snidl possilile varia- 
tion, w1iic.h ~ 4 1 1 1  be entertnincd ils renl only when con- 
firnicd 1 ) ~ -  €ut.ure incir~prndrnt t)hservitt,ions at &her 
st : ~ t  ions. 

It. is incIiciit,ed in the test that! pyrheliometer rentlings 
:l.l~~ne ncarly orrorless ~--duc.s from which renl solar 
nlriribility can ?>e provm rind evaluated with ccinsider- 
ablc nc,curiicy, c'spccinlly if ohservzitions tire secured from 
unifornily st,;intlurt lizec L instniinents observed nt  several 
n-idly in(1cpeiirlciit stnt,ions in t-lie arid regions of the 
c;u't?i a m i  over :is grc:it a mnge of elcvzttion as possible. 

The Intc.rnat.ion:)d Conimission for Solar Radiation 
1i;ls tliis suhj& uncler consirlerat,ion, and the writer 
hopes it.s rwt.ions nxiy l e d  to progress in this important 
field of gt?ophysicnl science. 

The pesentation in this ptxper is oflereil AS an axample, 
so tc, spe:ik--n. preliminxry survey and st,ucly. I expect 
to e s t , t d  tliq in\.c?st.igrltt,ior,.i t.o m ~ n y  other observations 
thus far esmiined not. at d l  or only in the most superficial 
Wty.  

S M I T H S O N I A N  SOLAR-CONSTANT VALUES 

By HERBERT H. KIMBALL 
[Wnshington, Srpt. 1,19251 

STSOPSIS 

This paper considers briefly the ningnitiide of errors in solar 
constant deterininations arising from errors in the fundanientnl 
pyrheliometric readings and in their estrapolation to zero atmos- 
phere. 

The degree of correlation between solar constant determinat.iuns 
made nearly simu1taneouel.v at Memtezuma, Chile, and Harqua 
Hals, Ariz., leads to the coiiclusiun that only an insignificant part 
of their day-to-day varintioms can be attributed tu some such 
common cause as solar variability. 

INTRODUCTION 

A critical study of the work duiing the past 20 years 
of Doctor Abbot and his associates 111 connection with 
determinations of the value of the sola: constant lends 
one to a profound respect for the sklll, energy, and 
devotion to science that is evident throughout. It is 
not a simple matter to obtain froin measweinents of 
solar radiation intensity made at the bottom of the sea 

of air the intensity of that radiation before it enters our 
stinosphere. This is what they have done, however, 
and with such precision that the published mean value 
of their determinations, 1.94 gram-calories per minute 
per square centimeter, ia almost universally acce ted, 

error tfiat as yet can hardly be evaluated. That Doctor 
Abbot and his nssociates seem to recognize this is indicated 
by their statement that after all possible care in the 
standardization and intercomparison of instruments em- 
ployed at Montezunia and Harqua Hala it was necessary 
to add a little more than 1 per cent to the solar constant 
deterininations made at the latter station to bring them 
iiito accord with those at the former station.' 

althounh this value is necessarily subject to a pro % able 

---- 
I Sbbot C. Q ind Collesgues. Values of the solar constant. 192IJ-1922. MONTHLY 

W ~ A T H E ~  R E V I ~ W  February 19%. 51: 71-81. We especially p. 74.) 


